Over one million households rely on private water supplies (e.g. well, spring, cistern) in the Commonwealth of Virginia, USA. The present study tested 538 private wells and springs in 20 Virginia counties for total coliforms (TCs) and Escherichia coli along with a suite of chemical contaminants. A logistic regression analysis was used to investigate potential correlations between TC contamination and chemical parameters (e.g. NO 3 À , turbidity), as well as homeowner-provided survey data describing system characteristics and perceived water quality. Of the 538 samples collected, 41% (n ¼ 221) were positive for TCs and 10% (n ¼ 53) for E. coli. Chemical parameters were not statistically predictive of microbial contamination. Well depth, water treatment, and farm location proximate to the water supply were factors in a regression model that predicted presence/absence of TCs with 74% accuracy. Microbial and chemical source tracking techniques (Bacteroides gene Bac32F and HF183 detection via polymerase chain reaction and optical brightener detection via fluorometry) identified four samples as likely contaminated with human wastewater.
INTRODUCTION
According to the United States Census Bureau's most recent available housing survey, over 13 million occupied households in the United States rely on private household wells as a primary source of drinking water (USCB ).
While the US Environmental Protection Agency (USEPA)
regulates water quality in public water supplies (i.e. systems serving at least 25 people or having a minimum of 15 service connections) through the 1974 Safe Drinking Water Act, private water supply users are solely responsible for the care and maintenance of their water supply system (e.g. well, spring, cistern) . Many private water supply owners in the United States live in rural regions where there is generally less access to the education and/or financial resources necessary to address those water quality issues unique to private water supplies (Gasteyer & Vaswani ; Wescoat et al. ) . Perhaps not surprisingly, the US Centers for Disease Control recently reported that the proportion of annual waterborne disease outbreaks associated with non-community (i.e. individual) groundwater water supply systems increased between 1976 and 2006 relative to the total number of outbreaks reported in all system types (Craun et al. ) . While this suggests that a public health issue of potentially increasing concern exists, relevant data on private system water quality and management remain scarce, rendering the issue difficult to address.
warm-blooded animals, low rates of survival and/or natural presence in extra-intestinal habitats, and their association with human pathogens of concern. The presence of FIB in groundwater-fed private drinking supplies has been linked to human illness, most commonly acute gastrointestinal illness (AGI) (Raina et al. ; Macler & Merkle ) . The USEPA currently recommends that municipal drinking water maintain a zero maximum contaminant level for Escherichia coli and contain no more than one sample positive for total coliforms (TCs) for systems that are tested less than 40 times per month (USEPA ). While not legally applicable, USEPA drinking water standards for water quality in public supplies are useful as guidelines when assessing water quality in private supplies.
Although focused primarily on surveying ambient groundwater quality as opposed to human exposure, a recent US Geological Survey study found that of approximately 400 wells sampled at the point of entry, 34% were contaminated with TCs and 8% were contaminated with E. coli (DeSimone ). In addition, a limited number of peer-reviewed studies are available that provide field information on the quality of private water supplies in the United States at the point of use, which is generally considered a more accurate measure of potential human exposure ( Table 1) . Some of these studies have directly examined the potential association of management or environmental factors with bacterial contamination (e.g.
improper system placement, proximity of grazing animals, well depth, etc.). Shallow wells (Sworobuk et al. ) and improper well sealing (i.e. grout around the casing or well cap seal) (Lamka et al. ; Sworobuk et al. ) have been correlated with higher TC densities. Other factors that have been associated with bacterial contamination of private water supplies are improper system placement with respect to potential contamination sources, proximity of grazing animals and lack of knowledge as to the significance of contaminated water (Lamka et al. ) . Collectively, these studies suggest that bacterial contamination is not uncommon in private water supply systems throughout the country, although efforts to correlate private water supply contamination with predictive factors (e.g. system type) have been limited. It is worth noting that all the studies presented in Table 1 collected presence/absence data for the targeted FIB rather than quantitative estimates of concentration.
As FIB presence suggests an immediate health risk, system owners are encouraged to address positive drinking water samples via system repair, enhancement or decontamination (Simpson ) . Knowledge of primary contamination sources would therefore be helpful in the identification of efficient and long-term remediation method(s). Microbial source tracking (MST) is a collection of methods used to determine the likely source of contamination associated with FIB presence. Source tracking analyses may target microorganisms specific to a given host (e.g. polymerase chain reaction (PCR) detection of humanspecific Bacteroides) or phenotypic differences in metabolism or enzymatic capabilities between different source strains (e. g. antibiotic resistance analysis, carbon utilization profiles) (Scott et al. ; Santo Domingo et al. ) . In the majority of previously published studies, MST analyses have been used in the management of surface waters to prioritize watershed remediation strategies (Hagedorn et al. ; Simpson et al. ) . The application of these techniques to private drinking water system management has not been previously explored.
Chemical source tracking (CST) is often utilized in conjunction with MST in order to provide additional information regarding potential contributors to fecal contamination of a given water sample. These methods target chemicals that are assumed to be solely associated with At an initial meeting, clinic participants are provided with basic information on well, spring and cistern construction as well as the opportunity to purchase a water sampling kit (US$45). Each kit includes three sampling • Do other households share the same water supply? How many?
• What water treatment devices are currently installed and affecting cold water only drawn at faucet for sample?
• What pipe material is primarily used throughout your house for water distribution?
Presence of potential sources of contamination
• Describe the location of your home. Check one: on a farm; on a remote, rural lot; in a rural community; in a housing subdivision.
• Do you have problems with corrosion or pitting of pipes or plumbing fixtures?
• Is your water supply located within 100 ft of the following? Check all that apply: septic system drain field; home heating oil storage tank; pit privy or outhouse; pond or freshwater stream; cemetery; tidal shoreline or marsh.
• Is your water supply located within a ½ mile of any of the following? Check all that apply: results were graciously provided to this study by the VAHWQP and were used for the statistical determination of relationships between chemical and bacterial analyses.
Statistical analysis
All statistical analyses were performed using JMP 9 Statistical Software (SAS Institute, Inc., Cary, NC π ¼ e β 0 þβ 1 x 1 ...þε 1 þ e β 0 þβ 1 x 1 ...þε
where β 0 is the intercept, β 1 is the estimate for the coefficient of the predictor x 1 , and ε is the error term. A response value (π) below 0.5 was considered to be a prediction of an uncontaminated well, while a response value above 0.5 was considered to be a prediction of a contaminated well.
Selection procedures were used to determine which variables were appropriate to include in the regression model It is worth noting that no internal processing control was used during PCR, which means that there is no way to determine quantitatively whether any inhibition occurred, which might have resulted in false negatives. However, the DNA isolation protocol included treatment with InhibitEX (Inhibitex, Inc., Alpharetta, GA) tablets that bind typical inhibitors (e.g. humic acids) via chemical adsorption and then are removed via centrifugation and pelleting. It is also important to consider that negative source tracking results do not necessarily discount the possibility of fecal contamination from humans or animals, given that Bacteroides die off more rapidly than E. coli in the environment ( Although no previous studies have identified significant associations between bacterial contamination and concentrations of particular chemicals in private drinking water systems, these relationships may warrant further investigation, as available datasets have been limited. Theoretically, correlations may exist between bacterial contamination and chemicals associated with anthropogenic surface water contamination, such as nitrates common in fertilizer.
Analysis of survey data
As VAHWQP participants sometimes chose not to answer all of the survey questions, the investigation of potential predictive relationships between survey responses and TC contamination began with an initial screening of data availability. Survey questions that had response rates of less than 5% (<27 respondents) were excluded from the analysis. The 3. Is your household water distribution system primarily composed of (i) steel piping, (ii) lead piping?
A backwards selection procedure using the remaining variables was then performed to determine significant predictive factors (α ¼ 0.05). All the variables that remained in the model had p-values less than 0.02 (Table 4 ).
The selection procedure identified the following four variables as significantly associated with TC contamination: (Table 5 ). The resulting logistic regression model is given below:
π ¼ e 0:0918þ0:2807FÀ0:4739T À0:006Dþε 1 þ e 0:0918þ0:2807FÀ0:4739TÀ0:006Dþε
(2)
where F and T are binary representations of a farm animal operation being within a half mile and the presence of a Three out of 372 samples tested positive for the presence of optical brighteners, and one out of 26 E. coli positive samples was positive for general Bacteroides. While these results were promising for future source tracking efforts, research should be focused on finding methods that increase the specificity of results when analyzing drinking water samples that often contain low concentrations of target organisms. Analysis should also be performed using quantitative polymerase chain reaction (qPCR) as opposed to endpoint PCR in order to eliminate the need for running the products through a gel, and so a copy number can be estimated.
Results from logistic regression analysis revealed that the chemical water analyses were not useful in predicting TC contamination in the water samples. The survey data showed more promise in its ability to predict TC contamination. A logistic regression was performed on the survey data, and the final regression model included three significant (α ¼ 0.05) predictors of TC contaminationwell depth, whether the owner had any type of water treatment device and whether the well was located within 0.5 mile of a farm animal operation. The final regression model was able to predict the presence/absence of TC contamination in wells with 74% accuracy. Although model accuracy must be improved, these relationships do suggest private system characteristics that warrant further In order to better understand public health issues associated with private drinking water supply systems and to design appropriate interventions, both outreach-based (e.g. extension) and epidemiological studies will be useful.
Though extension and outreach programs do not usually target specific populations, rendering their findings less generalizable, over time they can gather an immense amount of participant-provided data on private system water quality and associated system characteristics. In addition, these programs empower private water supply system owners to become active stewards of their health and the health of the local environment. Through education, this approach bridges the gap between scientific investigation and implementation of preventative and remediation strategies to produce tangible improvements in public health.
